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The original research proposal to ONR/SDIO had outlined two major goals to be accomplished
during the three and half(--4, year period from July 1987 to December 1990. The first task was
(i) the fabrication and characterization of thin film superconductors with the high-temperature oxide
materials and secondly was (ii) the fabrication and characterization of Josephson tunnel junctions.
These tasks included the following:

(i) fabrication and characterization of thin film superconductors: C--

- expansion of film techniques available
- reduction of substrate interactions on Si & alumina substrates
- correlation of film's properties with fabrication & processing conditions, including:

types &temperature of substrates,
oxidation & annealing treatment,
degradation effects,
composition variation, and
metallic coating

- characterization of structural & superconducting properties, including:
electrical resistance,
I-V characteristics and critical current measurements,
microwave effects on electrical properties,
ac susceptibility and magnetization measurements,and
XRD and SEM characterizations of crystalline and granular structure and composition

analysis

(ii) fabrication and characterization of Josephson tunnel junctions,
- fabrication & characterization of granular Josephson-coupled network
- fabrication of "simple" Josephson junction [SIS,SNS,SSS microbridge]
- characterization of Josephson junction, including:

nature of superconductivity,
electromagnetic response, and
dynamic properties

Although the administration/contracting of funds was not formally authorized until January 1988,
the progress has been quite successful with regards to the first goal of fabrication and
characterization of thin-film superconducting oxide films. Similar to all other research groups in
being unable to fabricate simple Josephson tunnel junctions with superconducting oxides, we have
however been able to initiate some characterization of the electromagnetic response observed in
these films due to the inherent granular Josephson-coupled networks. In the following pages we
outline in more detail the progress attained in the research proposal to date, a summary of the major
accomplishments, an index of publications attributable to the present funding period, and the
proposed program for continued research.
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Progress Report:

Fabrication and characterization of thin film superconductors:

e-beam evaporating system (rotatable four-source hearth):
sequential deposition of metals and fluorides, e.g., Cu - BaF 2-Y

[1t YBaCuO films on (1120) sapphire 1 lpm thick

annealing procedure:
850 0C / 1 It + 550 OC / I h in moist 02

microstructural characterizations:
SEM shows randomly oriented 123 rods (most in

the plane of substrate)
dimensions of rods: 1-2 gam length

0.1-0.2 tm thickness
minimal degradation over eight months of storage

electrical characteristics:
Tonset : > 90 K
Tc : 68 K
10 : (Tc -T) 3/2 suggests microbridges between

grains
1o(4.2 K) : 3-5 x 103 A/cm2

magnetic characteristics:
Tdiamagnetism : > 65 K (XL>grain size for T>65 K)
Xac shows strong ac field dependence (hperpendicular)

which can be correlated to critical current density
and strength of the Josephson coupling

xac and Mdc shows strong orientation dependence of
magnetic field h and film

microwave characteristics:
shift in I-V characteristics indicating novel dynamic

states in oxide superconductors

[2] YBaCuO films on MgO and YZO (yttria-stabilized ZrO2):
similar results as films on sapphire
more systematic studies of processing conditions needed

[3] BiCaSrCuO films on MgO
initial films lacked superconducdtig transition



rf triode sputtering deposition system (wILogotheas @ Ford):
sputtering from single source - target of prereacted, hot-pressed YBaCuO

- target of unreacted, hot-pressed Y20 3, BaCO 3, & CuO
[1] YBaCuO films on (1120) sapphire

deposition conditions: unreacted target has <5% porosity and thus reduces
outgassing and presputtering times

1-10 mTorr pressure
1-3% 02 in Ar
substrate temperature of 450 0C
deposition rate of 100 A/min
thicknesses of 1-3 tm

annealing conditions:
800-900 'C / I h in flowing 02 with slow cooling

microstructural characterizations:
SEM shows predominate 123 phase
x-ray fluorescence indicates 20% Cu deficiency

electrical characteristics:

Tonset : >90 K
Tc :60-70K
To (4.2 K) : 103 A/cm 2

[2] YBaCuO on Si and SiO2 layer on Si

deposition conditions:
unreacted target has <5% porosity and thus reduces

outgassing and presputtering times
1-10 mTorr pressure
1-3% 02 in Ar

deposition rate of 100 A/min
thicknesses of 1-3 Im

annealing conditions:
rapid thermal processor (RTA) in 02 for seconds

microstructural characterizations:
similar to sputtered films on sapphire
films degrade over several weeks

electrical characteristics:
Tonset :> 90 K
Tc : 46 K on Si after RTA @ 920 IC for 8 s in 02

Tc : 50 K on SiO 2/Si after RTA @ 920 'C for 10 s
m 02

Tc : 66 K on SiO2/Si after RTA @ 500 C for 30 s in
N2 followed by RTA @ 920 'C for 10 s in
02

microwave characteristics:
reverse ac Josephson effect (dc voltages developed) in

transition region
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Facilities: Fabrication and Characterization

development of deposition systems for thin film fabrication

operational stage:
electron-beam deposition system w/ rotatable sources (@ Wayne State)
rf triode sputtering system (@ Ford)
laser ablation deposition system (w/ Kushida @ Wayne State)
if diode sputtering system (@ Ford)

development stage:
dc sputtering system (@ Wayne State)
dual ion-beam sputtering system (@ Ford)
triple-source if magnetron sputtering system (@ Wayne State)
three-source electron-beam deposition system (@ Ford)

development of physical property characterizations

automation of electrical resistivity and I-V characteristics measurements (2 systems)
N.B., special care in shielding from the earth's magnetic field and

from electromagnetic radiation are incorporated in systems

complete magnetic property characterizations:
ac susceptometer (hac--4 mOe - 10 Oe; T=2 - 150 K; fM10 - 50 kHz);

X' & X" measurements capability
vibrating sample magnetometer (Hdc=IOe - 1.2 kOe; T= 2 - 300 K)

magnetic anisotropy effects measureable
SQUID magnetometer (Hdc= 0 -55 kOe; T= 2 - 800 K)

electromagnetic response characterizations:
if/microwave effects in range of MHz to GHz frequencies
suitable cryogenic equipment and spectrometers
millimeter wave absorption & transmission experiments



Major Accomplishments:

(i) Development of deposition systems for the fabrication of thin films from the high-temperature
superconducting materials. As listed in the preceding sections, several different techniques
are being developed for the fabrication of thin films. We have been successful in depositing
YBaCuO films on sapphire with reproducible superconducting properties (60 K ,-Tc< 70 K)
by a sequential layering in an electron-beam deposition system and from a single YBaCuO
target in a triode sputtering system. The annealing process permits some control over the
width of the resistive transition region. The rapid thermal annealing process has perrmitted
the use of Si substrates (with and without SiO2 overlayers) with the high-T c materials and
thus the possible incorporation of semiconductor and superconductor technology.
[Publications 1-3]

(ii) Systematic investigations of the magnetic response to oscillating and static magnetic fields. A
comprehensive study of the magnetic response to an oscillating magnetic field through Xac
measurements in bulk materials (dimensions >>;L=penetration depth) and thin films
indicates a direct correlation of the microstructure (Josephson) coupling to the critical current.
The magnetic response in these granular structured networks is successfully modeled to the
magnetic flux developed in a superconducting ring with a single weak link (Josephson
junction). Thus the weakest link in these coupled systems dominates the magnetic effects
observed in these materials, including the strong field dependence and the nonlinear response
to the field. Strong magnetic anisotropic effects in films also have been observed in both ac
and dc measurements which require further investigations. [Publications 4-5]

(iii) Dynamic response to electromagnetic radiation. The reverse ac Josephson effect experiments
have clearly demonstrated the appearance of sizeable dc voltages (10 4tV) being developed in
these granular films without any biasing. The increase in the dc voltages occurs in the
transition region where the coupling is the poorest and thus allowing the finite voltage states
to be more readily accessible for low rf power. In addition, several dynamical features have
been observed with the application of microwave radiation. For example in I-V
measurements, the zero-voltage vertically-sloped line is shifted to finite voltages in the
presence of weak electromagnetic fields and usually is accompanied by a negative slope for
both positive and negative currents. These features may be due to soliton propagation or
some other novel physics. More systematic investigations are being pursued to elucidate
these features. [Publications 6-7]



PUBLICATIONS
Thin films:

1. "Deposition and characterization of superconducting YBaCuO films," E.M. Logothetis,
R.E. Soltis, R.M. Ager, W. Win, C.J. McEwan, K. Chang, J.T. Chen, T. Kushida, and L.E.
Wenger, Physica C 153-155, 1439-1440 (1988).

2. "Rapid thermal annealing of YBaCuO films on Si and Si0 2 substrates," M. Aslam, R.E.
Soltis, E.M. Logothetis, R. Ager, M. Mikkor, W. Win, J.T. Chen, and L.E. Wenger, Appl.
Phvs. Lett. 53, 153-155 (1988).

3. "Superconducting and Josephson properties of YBaCuO thin films," T. Kushida, K.
Chang, L-X Qian, W. Win, J.T. Chen, L.E. Wenger, E.M. Logothetis, R.E. Soltis, and D.
Ager, Proceedins of the International Conference on Advanced Materials (Jpn.), to be
published.

Josephson coupling effects:

4. "Interfacial coupling dependence upon the superconducting properties of metallic and
insulating YBaCuO composites," L.E. Wenger, W. Win, J.T. Chen, J. Obien, M. Wali,
M.Bhullar, E.M. Logothetis, R.E. Soltis, and D. Ager,Physica C 153-155, 353-354 (1988).

5. "The complex ac susceptibility-critical current relationship in oxide superconductors," L.E.
Wenger, W. Win, C.J. McEwan, J.T. Chen, E.M. Logothetis, and R.E. Soltis, in High-Tc
Superconductors, ed. by H.W. Weber, (Plenum, New York, 1988), p. 601.

Microwave & millimeter wave effects:

6. "Microwave effects in Josephson-coupled high-temperature granular oxide
superconductors," J.T. Chen, L.E. Wenger, E.M. Logothetis, C.J. McEwan, W. Win, R.E.
Soltis, and R. Ager, Chinese J. Phys. 26, S93-S98 (1988). (invited paper)

7. "Millimeter-wave absorption in LaBaCuO and YBaCuO superconductors," A.T. Wijeratne,
G.L. Dunifer, J.T. Chen, L.E. Wenger, and E.M. Logothetis, Phys. Rev. B 37, 615-618
(1988).



Proposed Program for 1988-89

(1) Continuation of thin film fabrication and physical characterization with further development
of other deposition systems at Wayne State and Ford.

(2) Fabrication of thin films of newer high-temperature superconducting materials.

(3) Improvement of superconducting properties and microstructural characteristics in these films.

(4) Fabrication of Josephson junction(s) in controllable fashion.

(5) Studies of the electromagnetic response of these granular films as to the suitable/feasibility as
radiation detectors and electromagnetic shields.

(6) Studies of electrodynamic behavior of films in the presence of microwave and infrared fields.
This is especially beneficial in understanding the nature of the high-temperature
superconductivity, the Josephson properties, and other novel properties that can be
associated with small coherence length superconductors (<<IL).
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DEPOSITION AND CHARACTERIZATION OF SUPERCONDUCTING YBaCuO FILMS

E. M. Logothetis*, R. E. Soltis*, R. M. Ager*, W. Win+, C. J. McEwan+, K. Chang+, J. T.
Chen+, T. Kushida+, L. E. Wenger+

* Ford Motor Company, Dearborn, Michigan 48121 USA
+ Department of Physics, Wayne State University, Detroit, Michigan 48202 USA

Films of YBa2Cu3OY have been prepared on sapphire substrates by rf sputtering from a single
nonconducting target made by hot-pressing unreacted powders of Y203 , BaCO3 and CuO and by e-
beam deposition of multilayers of Cu, Y and BaF2. After post-growth annealing in oxygen,
these films exhibited superconducting properties with Tc onsets above 90 K and with zero
resistances and diamagnetic susceptibilities above 60 K. Resistivity, ac magnetic
susceptibility and reverse ac Josephson effect measurements indicate a very weak Josephson
coupling between the superconducting grains of these polycrystalline films.

1. INTRODUCTION deposit one or more five-layer (Cu-BaF2-Y-BaF2
Since the first application of the high Tc -Cu) units corresponding to the stoichiometric

superconductors is expected to be in electronics, YBa2Cu3 composition. The sapphire substrates
a large effort has been devoted during the past were not heated and no oxygen gas was used dur-
year to the preparation ot 7BaCuO films. Many ing deposition. The deposition rates were on the
different deposition techniques have been ex- order of 600 X/min. Post annealing of these films
plored including e-beam evaporation, sputtering, was carried out in flowing oxygen and water
MBE, laser evaporation and metallorganic deposi- vapors needed to remove fluorine from the films.
tion. Although most of these techniques have re- 2.2 Measuring Techniques
cently given single crystal or highly oriented The films were characterized by x-ray dif-
films on special substrates (single crystal fraction, SEM and RBS. The resistance of the
SrTiO 3, MgO and ZrO 2) with critical current den- films was measured by standard four-contact
sities in excess of 106 A/cm

2
, these films are dc and ac techniques. The ac magnetic suscept-

still not of device quality. Furthermore, films ibility was measured with a mutual inductance
grown on technologically more important sub- technique with an ac measuring frequency of
strates, e.g. Si, SiO 2, A1203 , have inferior pro- 250 Hz and ac driving field varying from 4.2
perties. Consequently, additional effort is mOe to 4.2 0e.
needed to understand the problems and improve
the properties of the films. In this paper, we 3. RESULTS AND DISCUSSION
report some results on the preparation of YBaCuO 3.1 Sputtered Films
films on sapphire subtrates by two techniques, rf All films discussed here were prepared
triode sputtering from a single composite target from a hot-pressed composite target with Y,
and multilayer deposition by an e-beam gun using Ba, Cu ratio of 1:2:3. The as deposited films
BaF2 as the source for Ba. on sapphire (unheated or heated up to 450*C)

were amorphous and highly resistive. A sub-
2. EXPERIMENTAL PROCEDURES sequent anneal in oxygen made the films super-

2.1. Film Preparation conducting. Figure I shows typical results on
Sputter deposition from a single target was the resistivity of a 3-micron thick film an-

carried out with a magnetically enhanced rf nealed at 870'C for one hour and slowly cooled
triode sputter source. The target was prepared to room temperature. The onset of supercon-
by hot pressing unreacted Y203, BaC0 3 and CuO ductivity occurs above 90 K but zero resis-
powders at 9000C and 8000 psi. The powders re- tance is obtained at considerably lower temper-
mained essentially unreacted but were highly atures in the range 60 to 70 K. These results
compacted with less than 5% porosity. The disk are similar to those obtained by others (1,2).
was sufficiently strong to be machined to the re- Annealing at temperatures higher than 87

0
°C

quired target dimensions. The substrates, were makes the superconducting transition broader.
heated during deposition up to 450'C. Argon with X-ray diffraction showed that the films were
1 to 3% oxygen was used as the sputtering gas and polycrystalline without preferential orientation,
the deposition rate was on the order of 100 A/min. containing mostly the orthorhombic YBa2Cu3O,

Electron beam deposition was done with a sin- phase and small amounts of Y2BaCuO5 and other uni-
gle gun with three hearths containing Y, Cu and dentified phases. X-ray fluorescence indicated
BaF 2. The three sources were used sequentially to that the sputtered films were deficient in Cu by

0921 -4534/88S03.50 D Elsevier Science Publishers 1 V,
(North-Holland Physics Publishing Division)
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about 20%. This result is consistent with the
presence of the Y2BaCuO5 phase in the films and 0 0 6 W 6 1 •

with previous reports (1,2). This Cu deficiency
may be one reason for the low Tc(O) found in -2•
these films. This is consistent with the finding E
that some films grown on SrTiO3 and ZrO2 sub- -4
strates also have Tc(O) below 70 K. On the other a
hand, the low Tc(O) may result from interaction of .6 o 417mo
the films with the aluminum oxide substrate. This ,42 m e
is being investigated further. Very dense targets
consisting of unreacted materials have several
advantages over powdered targets (2) or dense tar-
gets made from prereacted materials. For example, -10 10 20 3 0 4 0 50 6 0 70
unreacted dense targets do not require the many
hours of degassing and the "sputter-up" configu- T(K)
ration of the powdered targets. Furthermore, in Fig. 2. The inductive X' susceptibility as
contrast to prereacted powders, hot pressing of un- a function of temperature for the sputtered
reacted powders can provide very dense large size film of Fig. 1.
ceramics that can be machined to the desired shape
and size without fracture, especially in the caseof multiphase materials. 3.2 Electron-Beam Deposited Films

Figure 1 shows typical results on the temper-

a I I T I ature dependence of the resistivity of films e-
beam deposited on sapphire. The film in this
figure, which is 0.69 micron thick and consists

6 (a) of one unit of the Cu-BaF2-Y-BaF2-Cu layers, wasannealed at 850'C for one hour, cooled slowly

E to 550*C, annealed at this temperature for one
hour and then slowly cooled to room temperature.

S RBS studies indicate that, after annealing, the
five layers have mixed well. The properties of

a. (the e-beam deposited films are similar to those
2/ of the sputtered films and also comparable to

those obtained previously with sapphire sub-

0 2strates using the same deposition method with
0 ipure Ba or BaO as source for Ba (4). Preliminary

I00 200 300 results indicate that the multilayer technique
T (K) with BaF2 is applicable even with several micron-

Fig. 1. The temperature dependence of the thick layers. Magnetic susceptibility data sug-
resistivity of a sputtered (a) and an e-beam gest that the Josephson coupling between super-
deposited (b) film on sapphire. conducting grains in these films is also very

weak.

Figure 2 shows the ac magnetic field vari- 4. CONCLUSIONS
ation of the inductive part x'of the suscept- This work shows that dense sputtering targets
ibility of the film of Figure 1 as a function made from unreacted powders can provide spurt-
of temperture. The main feature of these re- ered films of YBa2Cu30y with properties similar
sults is the strong dependence of x' on the to those of films prepared from ceramic
magnitude of the magnetic field even for small YBa2Cu30y targets or from powdered targets.
fields. This behavior is similar to that found In addition, it is found that BaF 2 can be suc-in polycrystalline single-phase and multiphase cessfully used in the multilayer deposition
YBaCuO materials (3). It can be understood technique. Finally, ac magnetic susceptibility
qualitatively by considering the film as a measurements indicate a very weak Josephson
granular superconductor consisting of Josephson- coupling between superconducting grains of
coupled superconducting grains (3). Comparison YBa 2Cu30Y films grown on sapphire substrates.
of the magnetic behavior of the films in this
study with that of the bulk materials in Ref. 3,
suggests that the Josephson coupling in the films REFERENCES
is very weak. The reason for this behavior is (1) M. Hong et al., Appl. Phys. Lett. 51 , 696
presently under investigation. The granularity (1987).
of the films is also demonstrated by reverse ac (2) P. H. Ballentine et al., MRS Fall Meeting,
Josephson experiments. A large do voltage is Boston, Nov. 30, 1987.
measured between two contacts on the film upon (3) L. E. Wenger et al., this conference.
the application of a microwave field at (4) B-Y. Tsaur et al., Appl. Phys. Lett.
temperatures below 80-90 K. 51, 858 (1987).



Rapid thermal annealing of YBaCuO films on Si and SiO2 substrates
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Research Staff Ford Motor Company, Dearborn, Michigan 48121

W. Win, J. T. Chen, and L. E. Wenger
Department of Physics, Wayne State University, Detroit. Michigan 48202

(Received 19 April 1988; accepted for publication 17 May 1988)

A very rapid thermal annealing technique has been employed on sputter-deposited YBaCuO
films. After an 02 -nneal (with or without a N 2 preanneal) at temperatures as high as 920 *C
for 8-12 s, films on (1 00)Si and on SiO 2 /Si substrates exhibited superconductivity onsets
above 95 K and zeco resistance in the range 40-66 K.

The discovery of the high T, metal oxide superconduc- with less than 5% porosity. For most of the work, argon with
tors '2 has generated a great deal of excitement because of the 1-3% oxygen was used as the sputtering gas at a pressure in
mt'ny potential applications of these materials. Since the first the range 1-10 rriTorr. The deposition rate was on the order
of these applications is expected to be in electror .cs, a large of 100 A/min. The films were characterized by x-ray diffrac-
effort has been devoted to the preparation of thin YBaCuO tion, scanning electron microscopy, transmission electron
films. During the past year, many different deposition tech- microscopy, and x-ray fluorescence. The resistance of the
niques have been studied,' including electron beam evapora- films was measured by standard four-contaLt de aad ac tech-
tion. sputtering, molecular bcam epitaxy, laser evaporation, niques. Currents in the range 1-100 tA were used, and the
and metalorganic deposition. Most of these techniques ha'e minimum voltage detectahe was on the order of 10 nV. Our
been successfully used to grow superconducting films on zero resistivity corresponds to resistivity values of less than
special substrates such as single-crystal SrTiO, MgO, and 10 7 l cm.
ZrO2 with critical current densities in excessof 0 A/cm2 at Most of our work has been (one with films on single-
77 K. In general, the as-deposited films are nonsupercon- crystal sapphire, Si, and SiO, on Si substrates. Some results
ducting and require a post-growth anneal in oxygen. Typical on the electrical and magnetic properties of films teposited
annealing temperatures are in the range 700-950 °C with an- on sapphire have been already reported. " For sapphire sub-
nealing times from a few minutes to I h. In contrast to special strates heated to 450 *C, it was found that post-growth an-
substrates, films grown on technologically more important nealing in 0. in the range 800-900 'C for times ranging be-
substrates, e.g., Si and SiO, have inferior properties. tween a few minutes to I h resulted in films with an onset of
Typically, films deposited directly on Si or SiO. show very superconductivity above 95 K and zero resistance at consid-
broad transitions with T (0) below 30 K for Si substrates erably lower temperatures in the range 60-70 K. These re-
ar 'low 40 K for SiO, substrates. Studies' suggest that suits are similar to those obtained by others." '2 Annealing
the poor quality of these films is due to the severe interaction at temperatures higher than 870 'C makes the superconduct-
between the films and the S or SiO. substrates. Several re- ing transition broader. X-ray diffraction showed that the
search groups' " have investigated the use of a buffer layer films were polycrystalline without preferential orientation,
(e.g.. ZrO., and Ag) between the YBaCuO films and the Si containing mostly the orthorhombic YBa Cu, 0, phase and
or SiO. substrates to suppress the diffusional effects. The small amounts ofY, BaCuO, and other unidentified phases.
most successful results appear to be those obtained by Mo- Electron microscopy studies showed considerable inhomo-
gro-Campero and Turner." who very recently reported geneity in these films with several phases other than the 123
T, (0) 83 K for furnace-annealed films on SiO,/Si sub- material, including Y-rich phases and the 211 phase. X-ray
strates with a ZrO, buffer layer. However, it is still desirable fluorescence indicated that the sputtered films we-e deficient
to develop the capability to deposit good superconducting in Cu by about 20%. This Cu deficiency is co,.. stent with
YBaCuO films directly on Si and SiO 2 substrates. In this the presence of Y, BaCuO, and Y-rich phases in the films
letter, we report initial results of a special rapid thermal an- and with previous reports. " " Following our initial studies,
nealing procedure that provides YBaCuO films directly on it has been established that successful sputtering from a sin-
Si and SiO,/Si substrates with improved superconducting gle target requires excess Cu in the target so that the deposit-
properties. ed films are not Cu deficient with degraded superconducting

All the films discussed in this letter were prepared by properties. This conclusion is also consistent with our find-
sputtering from a single target using a magnetically en- ing that some films grown on SrTiO, and ZrO2 substrates
hanced rf triode sputter source. The target was prepared by also have T, (0) below 70 K.
hot pressing at 900 *C and 8000 psi unreacted Y, O, BaCO, In our study, all Si wafers used as substrates were pir-
and CuO powders in proportion corresponding to the stoi- anha cleaned and HF etched; they were sealed in a class 100
chiometric YBa2 Cu,O, composition. The powders re- clean room and were transferred into the sputtering unit just
mained essentially unreacted, but were highly compacted before deposition. The Si substrates were not heated during
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L.-position but their tempcat.urc *.- st\ii.cAhat dte\'3ted Ci-rich .arget ili ,'smlgle-scur i , ' . ui illc .lur,.
(100-i5O0"C) because of plasma heating. When a conven- or by appropriately adjusting the flu,, ,n : inuiiiple-ou:ict-
tional furnace annealing procedure ,imilar to the one de- deposition system, the very ,pid therirai ancabiiig A i"I lea
scribed above for sapphire sobstrates was used for films de- to films on Si with higher T, "0).
posited or Si and on SiO-/Si substrates, the films did not The properties of YBa. CuO film. on SiO, wLoc iad-
become superconducting. Insted the r,. stance of the films ied by preparing 500-A-thick SiO films on Si hi o 'dati, i:
increased rapidly with decreasing temperature down to 4.2 ofSi wafers in dry oxygen at 1900 1C. Post-oxidIor a 'dl

K This behavior is sin'ilar to that observed by others under of the SiO 2 films was carried out in N, for 30 mn, o thc
similar conditicns of preparation and was shown to arise high-temperature processing in the clean room '.as tn2 ml.-
from rapid diffusion of Cu, Ba. and Si.' ated with the saturation of the silicon oxide throub a short

In an attempt to minimize the interaction between the 0, anneal for 30 s." The depo-tion procedure for the
film and the substrate, we investigated the use of a light- YBaCuO films was similar to the one used for Si substrates.
powered rapid thermal processor employed in Si device tech- After a rapid thermal annealing of the films in 0. at 920 C
nology. This processor can ;eat a Si wafer to temperatures for 10 s, the T (0) was found to be above 45 K a, shown in
higher than 900'C in less than 5 s and allbw cooling to 200- Fig. 2(a) for a typical film. Furthermore, we found that i"
300 *C in less than 20 s. Figure I shows the temperature the films were lreated in N, at 500 °C for approximzitexv 10
dependence of the resistivity ofa 2-pm-thck film deposited before the 0, anneal, the 7, (0) improved substantially a,
'n an unheated Si waferafter rapid thermal annealing. After shown on Fig. 2(b). The onset for superconductivity i,
deposition, the film was dark but highly resistive. The 0, above 95 K and T. (0) is about 66 K. The inpiovement n T
anneal ofthe film in Fig. I consisted ofa heating time of5 s to by the N2  preanneal has also been reported" for
920'C, areiealing at this temperature for 8 s, and cooling to Y , Bad ,Cud 4 bulk samples, where it was found that a cou-
room temperature in about 80 s. The onset of superconduc- ventional furnace N, preanneal resuit,.d in a sharper super-
tivity of this film is at about 95 K with zero resistance accur- conducting transition. The reasons for the beneficial effc,.t of
ring at about 46 K. Most of the samples annealed under these the N, anneal are presatly being investigated by micros-
conditions showed very sir .ar behavior. However, anneal- tructural studies. Our results for YB'sCuO films directly on
ing times longer than 35 s at 920 *C changed the color of the Si and SiO, /Si appear to be better than previously reported
films to dark green because ofthe formation of the 211 phase results for films on suci substrates without the use of inter-
(possibly due to the rapid diffusion of Cu and Ba) and mar- mediate buffer layers.
kedly degraded the superconducting properties. The tem- In summary, our preliminary results show that a ,ery
perature dependence of the resistivity ofhese films indicat- rapid annealing sshedule w,th times in the range of secunds
ed semiconducting behavior. It is apparent from Fig. I that rather than minutes or hours, and especially with a short N.
the very rapid thermal processing employed here results in preanneal, can provide YBaCuO films on Si and SiO, with
substantially improved YBaCuO films on Si. T'.c presence substantially improved transition temperatures. It is expect-
of different slopes in the transition region that delay the oc- ed that films with adequate Cu content will show e~en better
currence of the zero resistance point is at least partly due to superconducting properties. We are presently improving our
the Cu deficiency of our films sputter-deposited from the system in order to remedy the Cu deficiency and to proceed
single stoichiometric YBa 2 CuO source. It is expected that with our investigation of the capabilities of the very rapid
with a stoichiometric YBa 2CuIO, film obtained by using a thermal annealing (with different gas atmospheres) to pro-
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Si Substrate 2SiO./Si Substrote

0 100 200 300
0 100 200 300 T (K)
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FIG. 2. Temperature dependence of the resistance of YBaCuO filmi on

FIG. I. Temperature dependence of the resistance of a 2-jim-thick SiO,/Si substrates: (a) after rapid thermal annealing in oxygen at 920"C
YBaCuOfilm deposed on a ( 100)Si wafer after rapid thermal ar.nea;ingn for 10 ; T (0) - 50 K. (b after annealing in nitrogen at 500'C for 30
oxygen at 920 °C for 8 s; T, (0) = 46 K. followed by an anneal in oxygen at Q20'C for to s ],. (0) -- 66 K.
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ABSTRAC

The resistivity, maximum zero-voltage current, and ac susceptibility in YBaCuO films have
been measured as a function of temperature. Also, the reverse ac Josephson effect and other
f/microwave effects have been also observed in the region of the superconducting transition.

These results are consistent with a Josephson-coupled micrograin model for the granular high Tc
superconductors.

INTRODUCTION

YBaCuO superconducting films are of great importance for understanding the physics behind
the new high Tc superconductors as well as for their technical applications. We have prepared
such films using electron-beam evaporation, sputtering, and laser ablation techniques on a variety
of substrates. The present experimental results for current-voltage (I-V) characteristics,
temperature dependence of the maximum zero-voltage current (I), magnetic-field dependence of
the ac magnetic susceptibility (XaO, reverse ac Josephson experiments, and other if/microwave
responses are all compatible with a Josephson-type intergranular coupling model for this class of
ceramic superconducting oxide films. Furthermore, it will be demonstrated that the lack of a
Meissner effect observation does not preclude the existence of a superconductivity in these oxide
materials.

EXPERIMENTAL PROCEDURE

The experimental results presented in this paper were obtained on films prepared by an
electron-beam evaporation technique utilizing a rotatable four-source hearth. Sequential layers of
Cu, BaF 2 , Y, BaF2 , and Cu were deposited in stoichiometric proportions on (1102) sapphire
substrates under vacuum. Subsequently, the films were annealed at 850'C for one hour under a
moist 02 flow, slowly cooled to 550°C, annealed for another hour at 550*C, and furnace cooled
to room temperature. The thickness of the annealed films was approximately one micron. An
"H-shaped" film was used for four-probe resistivity and I-V characteristic measurements, while
simultaneously-deposited, rectangular-shaped films were utilized in the ac susceptibility
measurements and f/microwave studies. The superconducting properties for both the "H-" and
rectangular-shaped films are the same and do not appear to have changed over a period of several
months.

The ac susceptibility is measured by using a mutual inductance technique[l]. The induced
voltages from a pair of sensing coils wound over an excitation coil are electronically subtracted
by a two-phase lock-in amplifier with the unbalanced voltage being produced by the sample in
one of the two sensing coils and any background signal. The difference in unbalanced voltages
when the sample is pneumatically raised and lowered between the two coils eliminates any
background signals and is proportional to the susceptibility.

EXPERIMENTAL RESULTS

Figure 1 shows the temperature dependence of the resistance for a YBaCuO film deposited on
a sapphire substrate. The onset temperature Tonset is approximately 90 K with the
zero-resistance temperature Tc(O) being 68 K (< 2 pohm-cm). A small current of 10 ptA or less
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Fig. 1. The resistivity as a function of temperature for a
YBaCuO film.

is used to measure the resistance of this film in order to avoid any induced magnetic field effects
on the intergranular coupling. The normal-state resistance is metallic-like and changes linearly as
a function of temperature, indicating the film is of good quality in terms of its conduction
properties. Figure 2a indicates a well-defined maximum zero-voltage current Io with the
temperature dependence of 10 being shown in Figure 2b. The magnitude of the critical current
and its temperature dependence of approximately (Tc-T) 3/2 suggest that the junction region
6etween grains is more characteristic of a normal metallic barrier than an insulating one, perhaps
as in a microbridge arrangement.
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Fig. 2a. The I-V characteristics at 4.2 K of a Fig. 2b. Zero-voltage current 10 as a func-

YBaCuO film. tion of temperature.

In Figure 3, the diamagnetic (inductive) component X' of the ac magnetic susceptibility is
shown for oscillating magnetic fields ranging from 4.2 mOe to 4200 mOe and perpendicular to
the plane of the film. One clearly notes that the onset of a diamagnetic signal is at a temperature
of about 60 K, nearly 30 K below the temperature of the resistance decrease onset. Also the
apparent Meissner (shielding) effect is strongly field dependent, and is nearly zero even in a small
field of 4.2 Oe. This field dependence can be qualitatively explained in terms of a weak
Josephson coupling between the superconducting grains as when the induced current from the ac
magnetic field exceeds the zero-voltage current, the grains are effectively decoupled[ I].

The orientational dependence of the magnetic field to the film is shown in Figure 4. For a
field of 42 mOe, the Xy signal is 1000 times smaller for a film parallel to the field as compared to
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Fig. 3. Inductive component x' of ac susceptibility as a function
of the temperature for various ac magnetic fields.

the perpendicular orientation. This result clearly demonstrates one example in which the
observation of the Meissner effect is a sufficient, rather than a necessary, condition for the
existence of superconductivity. In other words, the observation of a Meissner effect is
convincing evidence for the existence of superconductivity. However, not all superconducting
materials will show the Meissner effect as it will depend upon the size, shape, dimensionality,
and coupling of the granular structures. The trapping of magnetic flux as the material is cooled
through the vortex state to the Meissner state in addition to the orientation and thermal history of
the applied magnetic field will affect the magnitude of the Meissner effect. It may also be
worthwhile to note that superconducting volume fractions estimated from field-cooled
magnetization measurements are only reasonable in a few restricted cases where typically the
materials are well-characterized in both their structural and superconducting properties. E.g., the
diamagnetic response for a solid superconducting sphere with no defect structure to pin vortices
would give a correct volume fraction while the diamagnetic response for a normal metallic sphere
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Fig. 4. The temperature dependence of the ac susceptibility
X' measured with the ac magnetic field parallel and
perpendicular to the film.
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Fig. 5. The reverse ac Josephson effect observed in
a YBaCuO film. The resistance vs. temperature
curve is also shown.

coated with a thick superconducting layer would give rise to an overestimation of the volume
fraction being superconducting.

Figure 5 shows the reverse ac Josephson effect[2] observed in the rectangular-shaped film. A
three-turn, 3 mm diameter rf coil was placed next to the film with the rf field direction being
perpendicular to the film's surface. Induced dc voltages generated by the intergranular
Josephson junctions were measured with the same electrode configuration as for resistivity
measurements. A dc voltage ( 20 pV) generated by the reverse ac Josephson effect is only
observable below the transition region as seen on the resistance curve trace. The frequency and
power level of the if excitation were 85.5 MHz and 20 roW, respectively. It was also noted that
without any applied rf excitation field, a few sharp spikes were observed in the resistivity curve
near the zero-resistance transition when the resistance measuring circuitry was not properly
filtered. These spikes are probably caused by stray rf fields picked up by the measuring circuit
giving rise to induced voltages associated with the reverse ac Josephson effect.

CONCLUSIONS

The present work strongly supports the model of Josephson-type intergranular coupling
playing an important role in the superconducting properties of the high Tc ceramic oxide thin

films. The magnetic susceptibility further demonstrated that the Meissner effect observation is
not a necessary condition for the existence of superconductivity.

This work is supported in part by the Office of Naval Research.

REFERENCES

1. L.E. Wenger, W. Win, C.J. McEwan, J.T. Chen, E.M. Logothetis, and R.E. Soltis, in
High T. Superconductors, edited by H.W. Weber, (Plenum, New York, 1988), to be

published.
2. J.T. Chen, L.E. Wenger, C.J. McEwan, and E.M. Logothetis, Phys. Rev. Lett. 58, 1972

(1987).



INTERFACIAL COUPLING DEPENDENCE UPON THE SUPERCONDUCTING PROPERTIES OF METALLIC AND
INSULATING YBACUO COMPOSITES
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The superconducting and normal state properties of YBa2Cu 30O7 : Y2BalCutO 5 composites have been measured as a function of
the mass ratio of the 1-2-3 to 2-1-] oxide materials and of the sintering temperatures. As the fraction of 1-2-3 material decreases
or as the sintering temperature decreases, the normal state resistivity increases from a metallic-like behavior to a semiconducting-
like behavior and the magnetic-field dependence of the diamagnetic susceptibility becomes greater even though die onset of the
superconductivity in the 1-2-3 material is unchanged. These results indicate that the intergrain coupling plays an important role in
the physical properties and that the compositional variation in this admixture of oxide materials is a method to vary the coupling in
these granular structures.

I. INTRODUCTION normal atmospheric conditions. After two anneals, the
The interest generated by the discovery of the high- reacted powders of 1-2-3 and 2-1-1 were thoroughly

temperature superconducting oxides (1,2) has lead to an mixed with mass ratios varying from 90:10 (Y1Ba 2CU-O 7 :
explosion of researc into the physics, chemistry, and Y2BaCutO5) to 50:50. These heterogeneous mixtures
metallurgy of these oxides. It is apparent from this
research that the microstructure of these Y1 Ba 2Cu 3 0 7  were then pressed into flat bars and subsequently all bars

were simultaneously sintered at 9750 C for 2 hours in air
materials is important at various levels, from the and cooled at a rate of approximately 50'C every 15
twin-boundary domains at the 50 A scale to the micron-size minutes. Only the 90:10 bar had a greyish color while the
structure of the individual grains. Certainly the others had differing shades of green.
macroscopic properties, of both the bulk ceramic materials
and thin films are dependent upon the interfacial coupling 2.2 Measuring techniques
between the I to 10 micron-sized grains. This interfacial The resistances of the sintered bars were measured by a
coupling between grains affects the superconducting standard four-lead technique using either ac or dc currents
properties similarly to a "conventional" Josephson junction of 10 .A. (Zero resistance was achieved when voltage
in a superconducting loop. Here the term Josephson less than 20 nV.) The ac susceptibility system measures
junction is loosely defined so as to include weak links and simultaneously both the inductive X' and resistive X"
point contacts. Thus the ceramic oxide materials are components of the susceptibility by a mutual inductance
pictured as multiconnected Josephson-coupled network technique with an ac measuring frequency of 250 Hz and
with the Josephson junction current-voltage characteristics ac driving field varying from 4.2 mOe to 4.2 Oe. Since
dominating the physical properties. The strength of the each of composite samples had essentially the same shape
interfacial coupling is thusly determined by the and volume (within 10%), the variation in the geometric
microstructure which depends upon several factors, demagnetization correction for each sample is minimized in
including the preparation and sintering conditions. In this converting the data to SI units.
paper, the interfacial effects upon the electrical and
magnetic properties in composite oxide materials with 3. RESULTS AND DISCUSSION
varying compositional ratios of superconducting 3.1 Resistivity measurements
YtBa 2 Cu3 0 7 to insulating Y2 BatCuO 5 are reported Figure 1 shows the resistivity for five different
through resistivity and ac magnetic susceptibility composites of mass ratio, Y1 Ba 2Cu 3 0 7: Y2 BaCutO,.
measurements. The effect of increa!-ing the insulating Y2 BaCuO 5 content
2. EXPERIMENTAL PROCEDURES is clearly evident: (i) magnitude of the normal-state

2.1 Sample Preparation resistivity increases; (ii) its temperature dependent
Initially, powders of Y1 Ba 2Cu 30 7 and Y2 BatCuO5 behavior changes; but (iii) the onset of the

superconductivity evidenced by the initial sharp resistivity
were individually prepared by the solid-state reaction of drop is the same for all composites (93 K ± 2 K). The
stoichiometric mixtures of Y20 3, BaCO3, and CuO under

*This research is supported through the National Sciencc Foundation. the Office of Naval Research. and Ford Motor Company.
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normal-state resistivities for the 90:10 and 80:20 0.6
composites are approximately 11 me-cm and 30 mi2-cm a 50:50
respectively and tmperature independent. For the other 0A 60:40
composites, the resistivity temperature-dependent behavior . o 70:30
is more semiconducting-like although not in magnitude. j. 8 60:20

Thus the addition of Y2BatCutO 3 greatly affects the E 0.4 h . 90:10

coupling betwe-a the Y1 Ba 2 Cu3 0 7 grains in the normal Y JfA'

state and dominates its resistive behavior. Although the 0.3 , :]
2-1-1 addition does not change the onset of .>

superconducti ,ity in the 1-2-3 grains, it has a strong effect -
on the width of the resistive transition and the 0.2
corresponding zero-resistance temperature. This is shown 0
by the long-resistive tails at the lowest temperatures which cc
are a consequence of the experimental measuring current 0.1
exceeding the maximum zero-voltage current associated
with the interfacial (Josephson) coupling. o0M

3.2 Magnetic measurements 0 100 200 300

Figure 2 shows the ac magnetic field variation of the ac Temperature (K)
susceptibility as a function of the temperature for the 80:20
composiwhere the 1-2-3 grains become superconducting and then FIG. I The resistivity as a function of the temperature for

increases with a fairly weak magnetic field dependence as five composites of mass ratio Y, Ba 2Cu 30 7 : Y2BaCuO 5.
the temperature decreases below 90 K. At a temperature
slightly lower than the zero-resistance temperature, the X'
signal at 4.2 mOe shows a rapid increase and finally attains
the diamagnetic limit of -1 at the lowest temperatures. A ,. 4200 mOe 4
similar qualitative behavior is observed for the other A 420 mOe a O
composites although the rapid increase in X'(4.2 mOe) -0.2 0 42 mOe £

occurs at lower temperatures with increasing 2-1-1 material * 4.2 mOe • A &
until for the 50:50 composite there is only a small increase -0.4 : La

in X' even at 4.2 K. At a fixed temperature, the X' signal A A
decreases very rapidly with increasing ac magnetic field 0.-
until at the largest measuring fields, a nearly field$A
independent behavior is observed which is proportional to - 0. a
the amount of superconducting 1-2-3 material. A A A A A A

The preceding magnetic behavior can be qualitatively -1.o0 s * 0 S
understood by utilizing a Josephson-coupled network
model for this granular composite. As the temperature is ,2
lowered, the zero-voltage current through the Josephson -12 2 4 0

junctions (i.e., the interfacial regions between
superconducnng grains) increases to a value comparable to T (K)

the currents induced by the ac magnetic field. Thus this
coupling is said to be strong enough to permit the induced FIG.2 The inductive X' susceptibility as a function of
currents to encompass several of the superconducting temperature for the 80:20 composite.
1-2-3 grains in a circular fashion and correspondingly
increase the effective area (volume) that excludes the
magnetic field. This area of flux exclusion continues to 4. CONCLUSIONS
increase with decreasing temperatures as the zero-voltage From these resisti\ity and ac susceptibility measurements
current increases. Finally the zero-voltage current exceeds on composites of 1-2-3 and 2-1-1 YBaCuO, the coupling
the induced current which results in the induced current between the 1-2-3 metallic superconducting grains can be
residing on the exterior surface of the sample and the effectively changed by altering the ratio of the two oxides.
diamagnetic limit being achieved. Increasing the 2-I -1 oxide material considerably decreases

The field dependence can be similarly understood the Josephson coupling between the 1-2-3 superconducting
within this model, as small magnetic fields can easily grains and the normal-state conductivity in these
penetrate the junction region and thus decrease the net flux composites.
exclusion. In addition, small fields reduce the maximum
zero-voltage current and decrease the number of interfacial REFERENCES
regions capable of sustaining induced current(s) without (1) J.G. Bednorz and K.A. Muller, Z. Phys.B
resistive losses. At larger fields, the zero-voltage current is 64 (1987) 189.
reduced to zero so that the induced currents are restricted to (2) M.K. Wu et al. Phys. Rev. Lett. 58
the individual superconducting grains. (1987) 908.
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ABSTRACT

The critical currents of the high-temperature superconducting oxides (LaBaCuO &
YBaCuO) in either bulk or thin film form are limited by the Josephson coupling between the
superconducting grains. This coupling is also reflected in the complex ac susceptibility as a
function of the ac magnetic field, h. The inductive component X' actually consists of an ac
field dependent contribution that reflects the coupling strength between the grains and an
essentially field independent contribution at larger fields which represents the Meissner state
of the grains. The resistive component X" shows a maximum that shifts to lower
temperatures with increasing h and correlates with the temperature dependence of the critical
current. Furthermore, the ac susceptibility data can be analyzed by assuming that these
granular materials are composed of a multiconnected Josephson network which behaves
coherently as a single, weakly-connected superconducting loop.

INTRODUCTION

Since the discovery of the high-temperature superconducting oxide materials of LaBaCuO
and YBaCuO, a flurry of research activity has ensued. This activity has encompassed a
spectrum of work ranging from fundamental research into the nature of the superconductivity
to the construction of superconducting devices from these materials. Throughout this period
of research, the granularity in these materials whether in bulk ceramic or thin film form has
significantly affected the superconducting properties, and consequently has created some
concern as to the future applicability of these superconducting oxides. One problem has been
for researchers to increase the critical current density as determined by electrical measuring
techniques to levels comparable to the densities deduced from magnetization-loop
measurements. Thus the critical current densities may be limited by the nature of the
coupling between the superconducting oxide grains and not the grains themselves.

Although current-voltage characteristics and correspondingly critical current
measurements provide a measure of the strength of this coupling, measurements of the ac
magnetic susceptibility as a function of temperature and magnetic field are a useful
macroscopic tool for investigating the coupling in more detail, in addition to determining the
critical temperature T.. In general for a bulk superconductor (e.g. Pb or Nb), the inductive
(or real) part of the susceptibility X' goes from its diamagnetic limit of -1 (in SI units) just
below TC to zero or a small positive value above TC indicating a weak normal paramagnetic
state. The resistive (or imaginary) part of the susceptibility X" goes from zero just below T.

* Supported by the National Scierce Foundation, the Office of Naval Research, and the
WSU Institute for Manufacturing Research.



through a peak near Tc. to zero in the normal state. This Z" signal is usually associated with
resistive losses occuring in the vicinity of T. as the superconductor is composed of
multiconnected superconducting and normal regions. In addition, for highly conducting
materials, one may actually observe negative X! and nonzero X" signals even in the normal
state due to eddy current effects. t

Since these oxide materials are granular in nature, an analysis of the magnetic properties
based on the similarities to inhomogeneous superconductors would seem to be more
appropriate. Previously, Ishida and Mazaki2 studied the magnetic response in the ac
susceptibility of multiconnected suprconducting Tc in a porous-alumina substrate and found
that both the inductive Z' and resistive z components of the susceptibility were very
sensitive to the ac magnetic field h. The transition width of x' broadened as h increased
although the onset temperature did not change, while X" had an asymmetic peak that shifted
to lower temperatures as h increased. These features were well-reproduced by a
phenomenological model that assumed the multiconnected network behaves like a single
superconducting loop due to the coherent nature of the specimen. Since the ac susceptibility
data3-7 on the high-temperature superconducting oxide materials show a similar field
sensitivity, the magnetic properties should be discussed in a similar fashion. In this paper,
we report the results from our ac susceptibility measurements on a variety of oxide materials,
demonstrate the dependence between the coupling and the sintering conditions, show a direct
correlation between the critical current and the complex susceptibility, and extend the single
loop concept to account for some additional features in the susceptibility signals.

EXPERIMENTAL

ac susceptibility

The differential (ac) susceptibility was measured by a mutual inductance technique
utilizing a two-coil secondary arrangement at a driving frequency of 250 Hz and ac magnetic
fields ranging from 4.2 mOe to 5.8 Oe. By using a two-phase lock-in amplifier, both the
inductive component Z' and resistive component x" of the susceptibility could be measured
simultaneously. A double-dewar apparatus permitted the temperature of the sample to be
varied from 4 to 150 K while maintaining the primary-secondary coils at liquid helium, thus
ensuring a constant inductive phase relationship with respect to the ac field current. A
pneumatic system for raising and lowering the sample between the two secondary coils
permits a determination of the absolute value of the susceptiblity. From the calibration of the
susceptometer with different paramagnetic salts, the accuracy of the absolute susceptibility is
approximately 1% and the relative accuracy an order of magnitude better. The susceptibility,
in some cases, has been normalized into SI units, where the volume is considered to be that
of the sample measured, and not of the ratio of the sample mass to the oxide's theoretical
density. Since the present samples vary from bars to irregular shapes, the diamagnetic limit
is attained when ' reaches a constant value as the temperature is lowered. Also note that in
the diamagnetic limit, X" must be zero.

lectrical characteristics

The electrical resistances of all samples were measured by a standard four-probe
technique using dc or ac currents of 10 ILA with zero resistance occurring at the resolution of
20 nV. This technique was readily adaptable for performing I-V characteristic measurements
and the determination of the critical currents.

RESULTS

Figure I shows the ac magnetic field variation (fields expressed in mOe) in the in-phase
X' and the out-of-phase X" components of the ac susceptibility J'-ix" on a Lal.Ba0 .2CuO4
sample made by the standard solid-state reaction technique. The x-ray diffraction pattern
confirmed that this sample was sinele-phase with the K,NiF, type tetragonal structure.
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SEM photographs revealed a very porous, stranular tructure, with grains being typically
oblong platelets and varying from 1 to 10 tmcrons in size. The lower portion of Fig. 1 (we
Fig. 2 as well) show that the inductive component Z' consists of two features: one which is
extremely sensitive to the amplitude of the ac magnetic field, and the other which does not
depend strongly upon the amplitude. This latter field-independence is most discernible in the
temperature range of 20 to 32 K where the data converges into a single curve at the largest
fields. Also note that the onset temperature of the diamagnetic X' signal is unaffected by the
field. At the lowest temperatures, the Z signal (h--4.2 moe) approaches the sample's
diamagnetic limit; while at the largest field, the )e value is only 1/4 of the diamagnetic limit.
This value in the large-field limit is reasonable since the sample density is approximately 60%
of the theoretical density for La.SBao.2CuO4, the demagnetization factors for the bulk
specimen and the ,,tins may be different, and the local field may vary due to the proximity
of the grains to one another. Thus one interprets the X' signal in the large amplitude limit as
the Meissner effect of the individual superconducting material in the grains and the
amplitude-sensitive signals as resulting from the shielding effect being limited by the
super-current (i.e. Josephson current) between the grains. Thus the transition width reflects
the strength of the coupling and the temperature dependence of the super-current.

This interpretation is consistant with the peaks observed in the resistive X" component.
The X" peaks broaden and shift to lower temperatures as the field h increases although the
magnitude only increases slightly. Since the X" signal is usually associated with energy
dissipation, the maxima should occur when the induced current from the ac field exceeds the
super-current and the resistive losses across the Josephson junctions are maximized. As will
be shown later, the magnetic field-temperature dependence of the Z" maxima is similar to the
temperature dependence of the critical current for the bulk sample.

To further demonstrate the microscopic probe capability of the ac susceptibility
measurements in relating the microstructure to the coupling in these ceramic materials, Figure
3 shows the inductive X' component measured for a pressed ceramic composite with a 50:50
mass ratio of superconducting Y1Ba 2Cu30 7 to insulating Y2BaCu1 O, sintered at various
temperatures. A 9001C sintering resulted in a decoupled system of the superconducting
1-2-3 grains as evidenced by a field-independent X' for all measuring fields. (Only the 4200
mOe field result is shown.) However, a 2 hr sintering at 950°C in air produced sufficient
coupling that a field-sensitive Z' is observed below 60 K. Clearly the large-amplitude x'
limit approaches that of the decoupled grains.
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A a 4200 o

%- a 0 4200 mo0
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Figure 3. The inductive X' susceptibility for a 50:50 composite of YIBa2Cu30 7 and

Y2BaCu1 O5 . The solid squares (u) represent X' for the sample sintered at 900'C

for 2 hrs and the remaining symbols are X' for the 950°C/2 hr sintered sample.



MULTICONNE-TED JOSEPHSON NETWORK MODEL

To understand the features described in the preceding section, we will utilize the model
of a multiconnected Josephson coupled network. In a multiconnected network, a number of
superconducting loops may appear for inducing current to shield against the ac magnetic
field. Thus a distribution of Josephson currents should be taken into account. However, in
practice, a number of such loops can be replaced by a single loop to study the magnetic field
variation.2 This is equivalent to considering that the sample behaves coherently as
previously shown for 3-D granular superconductors.! Thus the magnetic flux # generated
inside a loop is given by

0 = 0ext + LI
where 0.,,, is the externally applied flux due to the ac magnetic field, L is the inductance of
the ring, and I is the current through the loop. If one considers the multiconnected network
to behave coherently as a single superconducting loop with a weak-link or microbridge,
then the current is given by

I = - I sin 2 w/0
where Ij is the maximum Josephson current and 00 the magnetic flux quantum.

The solution of this nonlinear equation for 0 is found in many textbooks usually in
connection with the theory of the rf SQUID. In the limit of 2,tLlj>> 0o, the result2 is that
the fundamental frequency susceptibility has two components and that the maximum in X"
occurs at the midpoint of the le transition. Furthermore, the maximum value of X" occurs
at a temperature where the induced current from the ac magnetic field is identical to the
maximum Josephson current, I. Thus the magnetic field is proportional to the critical
current at the temperature of the X" peak with the proportionality constant be determined by
the inductance L and the area of the loop. In Figure 4, we show the critical currents for the
Lal.gBao.2CuO 4 sample and a mixed phase YI.sBa 0 .2CuO 4 sample. The magnetic
field-temperature loci for the Z" maxima are also displayed. By scaling the h and I data at
one temperature, the agreement between the two sets of data is quite good.

4
LaDaCuO Y1eCuO .4
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Figure 4. The critical current (o) as a function of the temperature for single phase
La 8Bao 2CuO4 and mixed phase YI.SBa. 2 CuO 4. The solid squares (a)
represent the temperature dependence of the X" maxima for various ac magnetic
fields, h.



Overall, this model qualitatively describes the magnetic behavior observed in these
high-temperature superconductors. Recently, we have studied the waveforms produced
from the susceptilibity coils in the vicinity of the I" maxima. The waveform consisted of a
distorted sine wave similar to that described by Ishida and Mazaki 3 but the waveform also
showed a signficant phase shift as compared to a purely inductive signal. Thus there
appears to be two contributions to the Z" signal: one due to Fourier components of the
nonsinuosoidal waveform and the other due to the phase shift arising from hysteretic
behavior. This latter feature can be incorporated into this model by treating the Josephson
junction as a current source shunted by a resistance (I/G) and capacitance C. The current
through the junction now becomes

I = -Ij sin 2*/,- G4 - Cj.
It is quite apparent that the 0 term results in a 900 phase-shifted signal with respect to a
purely inductive signal. The effect of these additional terms will be elaborated more fully in
a subsequent paper.

CONCLUSIONS

The coupling between the superconducting grains in the high-temperature oxides
materials is reflected in the field dependence of the complex ac susceptibility. These
features can be interpreted within the framework of granular superconductors and are in
qualitatively agreement with a model assuming the multiconnected network behaves as a
coherent, Josephson coupled superconducting loop.
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Superconducting properties of Y-Ba-Cu-O compounds have been
studied by examing the behavior of microwave induced dc voltages.
The oscillatory dependences of the induced dc voltages as a function of
amplitude and frequency together with the polarity reversbility in-
dicate that these materials consist of Josephson-coupled superconduct-
ing grains. We have observed the microwave induced dc voltages in the
transition region (80 - 90 K) of a single-phase Y, Ba2Cu3O sample as
well as at much higher temperature (up to 240 K) in a mixed-phase

Y IBa 02 CuO4 sample.

INTRODUCTION

Various superconducting transition temperatures for seveial copper oxides have been

reported recently 1-9 . Among the well established superconducting phases, T, values are
approximately 35 K for (La0.g5B%.1S) 2 CuO4 , 93 K for Y1 Ba2 Cu3 0 7 , and 60 K for
Y1 Ba 2 Cu 30 7-y where y is approximatley 0.3. Depending upon sample preparation con-

ditions, it is possible for a sample to have more than one superconducting phase in the same

sample. For example, when a YI Ba2 Cu3 0"-, sample is prepared by rapid cooling from its

annealing temperature (about 900*C), the ac susceptibility shows two distinctive steps, one
with an onset temperature just above 90 K and the other at about 60 K I° . Also, when a

Y-Ba-Cu-O sample is far away from the stoichiometric 1:2:3 composition, there are indica-

tions of several superconducting transitions at higher temperatures. Since these oxide

materials are granular in nature, superconductiong paths generally are weakened by the
junctions formed between grains. Consequently, a resistive transition may not reach zero if

S93
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the critical currents of the individual junctions are not large enough to overcome thermal
fluctuations at high temperatures. A quick estimate using hi 1/2e, where I is the Josephson
current amplitude, h Planck constant, and e the electronic charge, shows that the thermal
energy at 240 K is equivalent to 1, = I0 A. This means that in order for a sample to
achieve zero resistance, individual junction formed by grains must have a zero-voltage

current much greater than 10 pA. In addition, the measurements need to be carried out
with a smaller bias current and preferably in an environment in which the magnetic field is
negligible11 . For a sampel with a minority superconducting phase, the Josephson coupling
is undoubtedly weak, hence it is difficult to make a complete zero resistance transition.
Futhermore, multiple-connected Josephson junctions can easily trap magnetic flux even in
a magnetic field free environment. Thus, it is not surprising that some transitions are not
reproducible from cycle to cycle, especially at higher temperatures.

On the other hand, the reverse ac Josephson effect12 "14 is easier to observe when the
Josephson coupling is weak, for example, just below the transition temperature. Otherwise,
a large zero-voltage current may short out the effect. Previously, we have used rf currents
to demonstrate that the reverse ac Josephson effect can exist at temperatures as high as 240
K' 5 . Here we will present results of microwave experiments which clearly exhibit the
oscillatory as well as the polarity reversal characteristics expected from the microwave in-
duced dc voltage associated with ac Josephson effect.

EXPERIMENTAL RESULTS

In the reverse ac Josephson experiment, a dc voltage is induced across an unbiased
junction by directly feeding an ac current of rf frequency into the junction or by radiatively
coupling rf or microwave radiation. One could argue that other effects, such as the recti-
fication by a semiconducting junction can also lead to an rf induced dc voltage. However,
the characteristic behaviors of the induced dc voltage associated with the ac Josephson
effect are substantially different from the more elementary semiconducting rectification
effect such that the differences can be distinguished by a systematic study of the amplitude
and the frequency dependences. For a Josephson junction irradiated with microwaves, the
induced dc voltage is oscillatory as a function of frequency and amplitude because of its
Bessel function behavior 12'13. Alternately, it can be understood in terms of the resulting
oscillatory dependence of the zero-voltage Josephson current as a function of an ac am-
plitude. In short, the induced dc voltage if associated with the ac Josephson effect should
be oscillatory, show polarity reversible, and occur only below the superconducting
transition temperature. As will be shown below, the results of our microwave experiments
are consistant with the expected behaviors of Josephson junctions.

Figure I (a) shows the resistance versus temperature of two mixed phase Y-Ba-Cu-O
samples. it has two resistance drops of nearly equal magnitude; one starting at about 240 K
and the other at 90 K. Also note that there is a very small resistance anomaly at 1 50 K.
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FIG. I (a) The resistance vs temperature of the Y-Ba-Cu-O sample used in the reverse ac Josephson ex-
periment.

(b) The dc voltages induced by if currents of two different amplitudes. f - 5 MHz.

However, these are not very conclusive evidence for a superconducting phase at these higher

temperatures. The rf (f = 5 MHz) induced dc voltages for two different rf amplitudes are

show in Fig. (ib) for the same sample. Clearly the onset of an appreciable dc voltage occurs

at 240 K, the same temperature as the higher temperature resistance drop. A similar, but
larger dc voltage increase occurs at 90 K, the onset of the well-established lower temperature
superconducting phase. In the lower rf amplitude curve, there is additional evidence for an

induced dc voltage developing at 150 K as well. Thus there appears to be significant correla-

tion between the development of induced dc voltages from the reverse ac Josephson effect

and the resistance drops.
The temperature dependence of the induced dc voltage can readily be explained as

follows. (i) As the temperature decreases below the superconducting onset temperature,

there is a rapid increase in the number of Josephson junctions and correspondingly the in-

duced dc voltage increases rapidly. (i) As the temperature further decreases, the zero-

voltage currents of some junctions become larger than the rf current and thus short out
some junctions. By increasing the ac amplitude, the induc-d dc voltage can be extended to

a lower temperature. This temperature dependence and the amplitude effect can not be

easily explained in terms of cracks, bad contacts or semiconducting rectification which have

been proposed by some to explain resistivity drops and the rf induced dc voltages.
To study the Bessel function-like behavior and the polarity reversal, we have used

microwave radiation instead of rf so that it is easier to study in the one junction regime.

Figure 2 shows the induced dc voltages versus microwave amplitude for several different

frequencies and at two different temperatures. Oscillations, including polarity reversals, are
clearly demonstrated as a function of the microwave power. Futhermore, the dc voltage

peaks shift to higher power (corresponding to higher values of the ac voltage v) as the
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we performed Similar measurements on a Y1 Ba2Cu3O7 single phase sample with an onset
temperature of 90 K. The results are shown in Fig. 3.

a

4 6

POWER (orb. omit)

FIG. 3 Microwave induced dc voltage vs. microwave power of.a single phase Y, 1 2 Cu307 sample.

The frequency dependences of the microwave induced dc voltages have also been
studied as shown in Figs. 4 and 5. Polarities reversals are clearly seen below the 90 K transi-
lions as well as at temperatures as high as 204 K for a mixed phase Y1 38Ba. 2 CUO 41x sample.
These experimental results provide strong evidence that superconductivity exist at tem-
peratures above 200 K.
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Millimeter-wave absorption in the new high-T, superconducting materials La Ba-Cu 0 and Y
Ba-Cu-O has been studied at a frequency of 80 GHz over the temperature range 4-300 K and in
the presence of magnetic fields 0-5.5 T. It is found that there are strong correlations between
the changes in microwave absorption and the superconducting transitions at 30 K for La-Ba-Cu-O
and at 90 K for Y-Ba-Cu-O samples. The Y-Ba-Cu-O samples display additional microwave
features near 250 K which may be associated with a higher-temperature superconductivity.

Observations of millimeter-wave absorption in the new section of waveguide of length L situated between a klyst-
high-Ti superconducting materials La-Ba-Cu oxide' and ron, the microwave source, and a sensitive detector. The
Y-Ba-Cu oxide2 have been made at a frequency of 80 spectrometer is a modified version of the transmission
GHz over the temperature range 4-300 K and in the pres- spectrometer which has been used to study the propaga-
ence of magnetic fields 0-5.5 T. The absorption is moni- tion of microwaves through thin metal samples.4 The
tored by measuring the propagation of microwave power power incident on the sample can be varied with an at-
around samples which mostly fill a section of waveguide. tenuator over a range of 50 dB up to a maximum of 100
The propagation displays a sudden enhancement at tem- mW. The detector is a liquid-helium-cooled InSb bolome-
peratures below T. For the Y-Ba-Cu-oxide samples an ter operating in a hot-electron mode. It can be used as a
enhancement is noted at both T=90 K and T-250 K. straight power detector (sensitivity of 10-14 W) or as a
The effect of the magnetic field is to decrease the enhance- homodyne mixer (sensitivity of 10 -21 W) with the use of
ment of propagation and to reduce the temperature at a microwave reference of variable amplitude and phase
which it begins. obtained from the original klystron. A dc magnetic field

Three types of samples having nominal compositions aligned with the axis of the waveguide is obtained from a
of Laj,sBao2CuO4 - , YBa 2Cu 307-, and YsBa 6Cu,,O, superconducting solenoid in which the sample is centered.
were investigated. All were prepared by the solid-state re- The sample is situated in a vacuum can immersed in
action method with Table I giving the details of the liquid helium. The use of a heater and thermometer al-
preparation conditions. An appropriate mixture of the lows its temperature to be varied continuously between 4
starting materials in powder form was first heated in air. K and room temperature.
The reacted mixture was then pulverized, pressed into pel- The internal dimensions of the rectangular waveguide
lets or bars, and sintered in air. X-ray powder diffraction are a-3.10 mm and b-1.55 mm. The oxide samples are
patterns showed for the YBa2Cu 3O7 -, samples a dom- cut into the form of rectangular bars with a low-speed dia-
inant single phase with identical lines to those previously mond saw and then lapped on abrasive paper to dimen-
seen 3 while multiple phases were seen in the Y5Ba6Ci1O. sions about 0.04 mm smaller than the waveguide so that
samples. they slide easily into the waveguide interior. A typical

Figure 1 shows a schematic diagram of the spectrome- length of sample is L -5.0 mm. Our observations are in-
tet which was used. The superconducting specimen fills a dependent of the incident power level except for some

TABLE I. Details of sample preparation and results from x-ray powder-diffraction patterns.

Nominal composition La1.3ao.CuO 4 -x YBa2Cu 3O7 -x Y5Ba6Cu11O0
Starting materials La203, BaCO 3, and CuO Y 20 3, BaCO3, and CuO Y20 3, BaCO 3, and CuO
Reaction temperature (°C) 900 900 900
Reaction time (h) 8+pulverizing+6 8 8
Pressure for forming pellets (psi) 8000 8000 8000
Sintering temperature (°C) 1100 900 1100
Sintering time (h) 4 8 8
X-ray powder-diffraction patterns Single phase with K2NiF4- Single phase with other Multiple phases containing

type structure and trace phases <2% Y2BaCuOs (dominant)
(<5%) of Cu2La2O5 YBa2Cu 307- , Y2Cu20,,

Y203, and CuO

37 615 © 1988 The American Physical Society
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FIG. I. Schematic representation of the spectrometer. The
components include K, klystron; A, variable attenuator; 0, vari-
able phase shifter; M, modulator; and D, detector.

W10

heating of the sample at the highest levels. At 4 K a typi- I -

cal reflection coefficient from the sample is 3-5 dB,
whereas a typical transmission coefficient for microwave Z
propagation around the sample is 10- 15 dB. Thus, the
sample absorbs the majority of the incident power, even "
though a significant amount appears at the detector. The
microwave power is clearly traveling around the sample
and not through it, as has been demonstrated by replacing
the sample with a solid Pb sample of similar dimensions
and observing a comparable power level at the detector. 1oo
Also, by using electrically conducting silver paint to fill 0 100 200 300

the gap between the oxide sample and the waveguide, the TEMPERATURE(K)
power level at the detector drops 150 dB or more.

The microwaves propagate down the waveguide from FIG. 2. Temperature dependence of the transmitted mi-
the klystron in the TE10 mode with the rf electric field per- crowave power and dc electrical resistivity of a YBa 2Cu30 7-0
pendicular to the broad faces of the waveguide. Because sample (both in arbitrary units on a log scale).
the cutoff frequency for this mode, f, -c/2a, is indepen-
dent of b, it appears that a significant quantity of mi-
crowave power continues to propagate in the TE10 mode in
the narrow gaps between the superconducting sample and higher temperatures could be due to the time difference in
the broad faces of the silver waveguide. In fact, the power the microwave and dc resistance measurements. The
level at the detector displays certain characteristics of a similarities to those observed at the 90 K transitions, how-
"double slit" as the frequency is changed due to variation ever, offer further evidence of a still higher-temperature
in the interference between the two waves that propagate (but unstable) superconducting transition such as report-
in the top and bottom gaps. By sealing one of the gaps ed for certain Y-Ba-Cu oxide samples from dc resistance
with silver paint, such variations are considerably re- measurements 5 -7 and the reverse ac Josephson effect. 8

duced. Figure 4 shows the effect of a 5.5 T magnetic field on
Figure 2 shows a semilog plot of the transmitted power the 90 K transition in a YBa 2Cu 307-, sample. As can be

as a function of the temperature for a YBa 2Cu 307 -x sam- seen, the magnetic field decreases the temperature at
pie as well as the dc electrical resistance of the sample. T, which the sudden increase in transmitted power occurs by
(measured at the midpoint of the dc resistance step) is 90 about 3 K. It also decreases the sharpness of the power
K, and the width of the transition AT (measured between increase and continues to suppress the overall transmis-
10% and 90% of the resistance step) is 4 K. Figure 3 sion coefficient even at temperatures far below T. We
shows a similar plot for a YsBa 6Cu 10 .x sample having have also looked carefully for the effect of a magnetic field
T, -91 K and AT-4 K. As can be seen for both samples, on the step occurring around T-265 K. Such a field
with decreasing temperature there is a sharp increase in dependence could provide strong evidence that this step is
the transmitted power occurring at T, and having a width also associated with a superconducting transition. Any
comparable to the AT measured from the electrical resis- such dependence, if it exists, is smaller than that observed
tance. This feature is quite stable and remains even after at 90 K. Unfortunately, the present stability for our spec-
a large number of thermal cyclings between 4 K and room trometer and the reproducibility of data taken in this re-
temperature. For the YBa 2Cu 30 7-x sample there is a gion are not sufficient to show unambiguously that a field
similar increase in the transmitted power occurring of 5.5 T has a definite effect.
around T - 265 K even though there is no obvious step in In Fig. 5 the temperature dependence of the transmit-
the resistance curve. Although no step in the trans- ted power for a La.sBao.CuO4 -, sample is plotted for
mitted-power curve is observed in this vicinity for the both zero field and an applied field of 5.4 T. Also shown
Y5Ba 6Cu1 0

Z sample, there is a distinct change in the in the figure is the dc resistance which was measured in
slope at T-235 K that coincides with a change of slope in zero field. The features seen in Fig. 5 are very similar to
the resistance curve. These higher-temperature features those observed in the Y-Ba-Cu oxide samples. For tem-
are not stable and degrade considerably after a few peratures below T, (530 K), the transmitted power once
thermal cyclings. Lack of stronger correlations at these again increases quite rapidly. The applied magnetic field
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FIG. 3. Temperature dependence of the transmitted mi- FIG. 5. Temperature dependence of the transmitted mi-
crowave power and dc electrical resistivity of a YsBuCuIIO crowave power and dc electrical resistance of a Lat.sBao.2-
sample. CuO 4-. sample. Also plotted is the transmitted power for an

applied field of 5.4 T.

100 suppresses the transmission of power at all temperatures
below T, and the sharpness of the power increment in the
vicinity of T. By comparing Figs. 4 and 5, it is seen that
a magnetic field has a similar effect on both the La-Ba-
Cu-O and Y-Ba-Cu-O samples, namely an increasing

80 B suppression of the transmitted power at lower tempera-
B =0 tures. Just the opposite would be expected for a type-I
B 5.5 T bulk superconductor due to the saturation of the super-

conducting properties at temperatures far below T. The

60 stronger magnetic field dependence observed here at lower\0 temperature is most likely related to a weaker supercon-
ductivity associated with Josephson coupling between su-
perconducting grains.

40 % The transmitted power which we measure is related to
0 the surface impedance of the sample at microwave fre-

z0.. * quencies. For microwave propagation in the TE10 mode in
an open waveguide of length L the transmission coefficient

2 for the microwave fields is given by 9

"'_T-exp 
RsL I + 2 /b - - _ - 1

40 60 80 100 120 140 x i- , ()

TEMPERATURE (K) wheref is the frequency and R, is the surface resistivity of
the metal from which the waveguide is fabricated.

FIG. 4. Effect of a magnetic field on the temperature depen- Presumably, the signals we detect are described by an ex-
dence of the transmitted microwave power for a YBa2Cu 3OT- pression similar to Eq. (1) in which R, is replaced by
sample. some type of weighted average of the surface resistances
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of the superconducting sample and the silver waveguide. case the microwave transmission depends only on the
The increase in the transmission coefficient below T, is characteristics of the superconducting material itself.
consistent with the decrease in R, of the superconductor Such measurements (coupled with similar measurements
which occurs at this temperature. Because an exact rela- of the reflection coefficient) appear to offer the possibility
tion for the transmitted field and the temperature depen- of a sensitive determination of the electrical and magnetic
dence of R, for silver are unavailable, and because some properties of this class of materials consisting of granular
residual interference between waves from the top and bot- superconductors and coupled Josephson junctions. The
tom gaps remains, we have not attempted to fit our obser- advantage over more traditional techniques, which make
vations to theory. Nevertheless, it is clear from the data use of a microwave cavity, '0"1 appears to be a higher sen-
that there are a number of features in the temperature sitivity and the ability to study variations in R, over a

dependence of the transmission which correlated with the larger dynamic range.

characteristics of the superconducting transitions and
their dependence on magnetic field.

A better method of recording this type of data (which This work was supported in part by National Science

we are now pursuing) is one with the geometry uniquely Foundation Grants No. DMR-84-14488 (G.L.D.) and

defined in which the microwaves propagate through a No. DMR-84-00711 (L.E.W.). We are pleased to ac-
"'single slit" down the center of the sample, both halves of knowledge helpful discussions with J. J. Chang and A.

which are electrically bonded to the waveguide. In this Janossy and technical assistance from R. E. Brauer.
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